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ABSTRACT
Different tidal power generating systems have been studied for a long time.
DeltaStream, which has been under development by Tidal Energy Limited has as a
salient feature the fact that it is a tubular structure, equilateral triangle shaped and
equipped with three horizontal axis turbines placed in each one of the vertices, fitted to
nacelles that swivel as the tide flow reverses direction such as to present the rotor disc
foremost to the incoming flow.
The main objective of this research is to evaluate the degree of angular
mismatch that may occur between the turbines of this device as the nacelles are yawed
onto a range of angular settings. The desired outcome is the maximisation of the power
extractable by the whole system. In order to accomplish this, a numerical approach was
carried out so a Computational Fluid Dynamics code FLUENT® v. 6.3 has been used.
The numerical model provides a faithful description of the support structure but
initially, porous media discs are employed in order to represent the action of the turbine
blades. A pressure loss is imposed, according to available data in order to obtain the
wake created with the tidal stream. This basic model, considered adequate for an initial
sizing of the problem, has been superseded by a realistic description of the blades. In a
first stage, a frozen rotor scheme has been considered followed by the most realistic
simulations counting the rotation of these blades. Results were finally compared with
the previous ones and validated through an experimental prototype.
Due to the special character of the matter, which may lead indeed to innovative
facts in the future, an extension of the subject would lead to improve results through
grid adaptation (using velocity and/or pressure criteria) for all the models, but also with
the study of the interferences when considering a further settling of a Delta farm.
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1 INTRODUCTION
As renewable energy sources are becoming ever more and more important in the
global energy scenario, the study focused on a device that seeks to exploit the marine
sources such as marine currents, or tides as the means to generate power. The
optimisation of tidal energy extraction devices is now a critical issue in order to increase
efficiency when capturing maximum available energy in this aggressive sub sea
environment.
When regarding the entire energy consumption of the world, the energy
provided by renewable methods still represents in general terms a low proportion of the
current needs [1, 2]. Figure 1.1 shows the world primary energy distribution according
to the International Energy Agency (IEA), for the year 2008.
Source: International Energy Agency
Figure 1.1. World primary energy use in 2008.
The increasing usage of tidal power can improve this situation and hence reduce
the reliance on CO2 emitting technologies. However it is necessary to expand but also
sustain the investment in research and development for this technology if the vision
outlined above is going to become true [3, 4].
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1.1 Tidal energy, origin and use
Tidal power is the only type of energy which comes directly from the relative
motions of the Earth–Moon system, and to a lesser extent from the Earth–Sun system.
The tidal forces produced by the Moon and Sun, in combination with Earth's rotation,
are responsible for the generation of the tides.
A tide can be defined as the regular rise and fall of the surface of the ocean due
to the gravitational force of the sun and moon on the earth and the centrifugal force
produced by the rotation of the earth and moon about each other [5]. A bulge of water is
created by the gravitational pull of the moon, which is greater on the side of the earth
nearest the moon [6] as can be seen in Figure 1.2.
Figure 1.2. Tidal dynamics for earth and moon.
When a landmass lines up with this earth–moon system, the water around the
landmass is at high tide and when the landmass is at 90º to the earth–moon system, the
water around it is at low tide. Therefore, each landmass is exposed to two high tides and
two low tides during each period of rotation of the earth [7, 8].
Resultant
bulge of
water
EARTH
MOON
Moon
trajectory
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Since the moon rotates around the earth, the timing of these tides at any point on
the earth will vary, occurring approximately 50 min later each day. Tidal currents are
experienced in coastal areas and in places where the seabed forces the water to flow
through narrow channels.
These currents flow in two directions; the current moving in the direction of the
coast is known as the flood current and the current receding from the coast is known as
the ebb current. The current speed in both directions varies from zero to a maximum.
The zero current speed refers to the slack period, which occurs between the flood and
ebb currents. The maximum current speed occurs halfway between the slack periods [9].
These tidal variations, both the rise and fall of the tide and the flood and ebb currents,
can be utilised to generate electricity.
Tidal power is practically inexhaustible and can be classified as a renewable
energy source, because the Earth's tides are caused by the tidal forces due to the
combination of gravitational interaction with the Moon and Sun, and the Earth's
rotation. A tidal energy generator uses this phenomenon to generate energy. The
stronger the tide, either in water level height or tidal current velocities, the greater the
potential for tidal energy generation [10].
Tidal movement causes a continual loss of mechanical energy in the Earth–
Moon system due to pumping of water through the natural restrictions around
coastlines, and due to viscous dissipation at the seabed and in turbulence. This loss of
energy has caused the rotation of the Earth to slow in the 4.5 billion years since
formation. During the last 620 million years the period of rotation has increased from
21.9 hours to 24 hours [11]. Tidal power can be classified in two main types [10]:
- Tidal stream systems make use of the kinetic energy of moving water
to power turbines, in a similar way to windmills that use moving air,
as can be seen in Figure 1.3.
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Source: Hammerfest Strm
Figure 1.3. Farm scheme of tidal turbines displayed on the seabed.
- Barrages make use of the potential energy in the difference in height
between high and low tides. Barrages are essentially dams across the full
width of a tidal estuary, and suffer from very high civil infrastructure costs,
a worldwide shortage of viable sites, and environmental issues, as can be
seen in Figure 1.4. Thus, the tidal barrage is a long-established, technically-
proven concept which essentially involves a structure with gated sluices and
low-head hydro turbines. This system has been in operation at “La Rance”
on the northern French coast for more than 40 years. [12].
Adapted from: http://www.darvill.clara.net/altenerg/tidal.htm
Figure 1.4. Example of barrages working scheme.
SEA
ESTUARY
Barrage
TIDE IN
Sea bed
SEA
ESTUARY
Turbine
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Other configurations such as Tidal lagoons, can be considered similar to the
barrages, consisting basically in closed structures. Most of the proposed tidal turbines
resemble submerged wind turbines but there are also substantial differences in
appearance stemming from the much larger structural loads these devices are subjected
to [13].
Tidal stream turbines can be settled in areas where natural tidal current flows are
concentrated such as numerous sites in Europe, but also south East Asia and Australia
[10, 14]. Table 1.1 shows the Tidal potential of some large tidal range sites in Europe
[15].
Some tidal sites can be considered bi-directional; however, some of them present
flow reversal of 20 degrees or more away from 180 degrees such as the flow around
islands, [16, 17]. This is for us the reason for chosing the maximum of 30 degrees yaw
angle for the nacelles as will be shown later.
Table 1.1 Tidal potential of some large tidal range sites in Europe.
1.2 Context of the Project
The number of prototypes installed undersea for the last five years, has been
increased notably, such as Marine Current Turbines’ 300kW single rotor Sea flow
device in Lynmouth (Devon, UK), from 2003. This company installed, early this year,
COUNTRY CAPACITY (GW)
UK 25.2
France 22.8
Ireland 4.3
Holland 1.0
Germany 0.4
Spain 0.07
TOTAL 63.8
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in Strangford Lough (Northern Ireland) its 1.2 MW Sea-Gen double rotor system [18],
as can be seen in Figure 1.5.
Source: Marine Current Turbines.
Figure 1.5. SeaGen, the1.2 MW tidal energy generator installed in Strangford Lough.
DeltaStream, which has been under development by Tidal Energy Limited
(TEL) since 2000 has as salient features the fact that it is freestanding, dispensing
therefore the need for complex undersea foundations, and the fact that it combines three
turbines in a single device. The DeltaStream configuration corresponds to a tubular
structure, equilateral triangle shaped, which is placed in the sea floor and is equipped in
the prototype configuration with three 300 kW turbines placed in each of the vertices of
the delta, in order to extract the power of the submarine ocean currents [19].
The turbines are horizontal axis machines and are fitted to nacelles that swivel as
the tide flow reverses direction such as to present the rotor disc foremost to the
incoming tidal flow. The Department of Power and Propulsion of Cranfield University
and TEL, joined a research programme focused on this device so this project was
situated inside this context.
1.3 CFD Implementation
Computational Fluid Dynamics (CFD), solve equations implemented to define
the physics of fluid flow through numerical methods, so it has been revealed as a
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powerful tool which can provide detailed information about the local flow and hence
performance of a marine current turbine [10, 20]. Cranfield University has license for
several CFD codes such as CFX, FLUENT, etc. For this work, the latest version of the
code FLUENT® v. 6.3 has been used whilst the computational meshes were assembled
in GAMBIT® v. 2.4.
Initially, discs are employed in order to represent the action of the turbine
blades. The discs consist of a porous media though which a pressure loss is imposed,
according to available data. A seventh power law inlet velocity profile is employed. As
these marine currents are in constant movement both in angle and magnitude, the disc of
the turbines must be also rotating all the time in order to face them and reach this way
the maximum efficiency, so for example, when two turbines are aligned, the wakes
created will cause problems to the turbine situated right downstream because of the
pressure drop. Several cases have been performed here in order to evaluate the
interferences between the three marine turbines. Thus, a range from 0 to 30 degrees was
analysed, considering successive intervals of 5 degrees.
This simplistic model was considered adequate for an initial sizing of the
problem but has been superseded by a more realistic description of the turbines,
including discrete blade representations whose results will be presented later. In a first
stage, a frozen rotor scheme has been considered in order to predict the behaviour of the
flow around the blades and the subsequent effect to the other turbines of the delta
configuration with a reasonable computational effort and finally the most realistic
simulations were carried out, implementing the rotation of these blades according to
available data.
A validation process was carried out first of all with experimental data obtained
through a 1/30 scale model tested in a water tank, showing good agreement with the
results offered with the CFD models in terms of velocity profiles measured at different
locations both upstream and downstream of the delta. A second way of validation for
the CFD models were the results obtained from the literature, showing all of them good
1. INTRODUCTION Investigation of Turbine Interactions in a Tidal Device.
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agreement with the results offered with the CFD models, so these models were
considered validated.
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2 AIMS & OBJECTIVES
2.1 Aim of the Thesis
The aim of this work is to provide a computational model for a faithful
description of the flow through this particular DeltaStream device. This study
complements the DeltaStream development work carried out in the Department which
focussed primarily on a single turbine.
2.2 Objectives
The main objective of this research is to evaluate the degree of interference that
may occur between the turbines of this marine device as the nacelles are yawed onto a
range of angular settings (from 0 to 30 degrees). The desired outcome is the
maximisation of the power extractable by the whole system. For this, a commercial
CFD package called FLUENT® has been used. Several models have been developed in
order to simulate the effect that these turbines induce on the flow but also on the other
turbines of this particular device.
The CFD study will permit the identification of the range of angular mismatch
that non-reciprocating tides, which are observable in particular locations, can induce on
these marine devices.
Through the results achieved in this project, the author is expected to provide a
set of recommendations in order to evaluate the wake interactions induced for the whole
device that would lead to improve efficiency.
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3 PROJECT MANAGEMENT
3.1 Methodology
As a CFD based study, discs were employed for the earliest stages of this work
in order to represent the action of the turbine blades on the flow. The discs consisted of
a porous media through which a pressure loss is imposed, according to available data
related to real devices. A comparative testing of 9 and 10m diameters discs was studied
for a complete range of angular rotation for the nacelles from 0-30 degrees. This angle
range was considered sufficient to deal with mismatch between the tidal stream flowing
in the two, outgoing and incoming, directions.
A more realistic definition of the delta device was considered subsequently, in
order to include discrete blade representations for each of the three turbines. Initially a
steady study was performed with the blades and nacelles at different rotational angles.
This study was not finally presented here as results were considered not enough
relevant. After that, a frozen rotor configuration (called “Moving Reference Frame” in
FLUENT®) was employed and finally a full transient model (called “Moving Mesh” in
FLUENT®), being the most complex and computationally costly model, was used in the
simulations. This model was applied to the same range of turbine yaw angles as
mentioned above.
CFD results from the latter models were carefully compared with those from the
porous media models and validated finally through a 1/30 scaled experimental prototype
tested towards the end of the project in the water tank of a research centre in France.
The comparisons showed in general good agreement, particularly after some
improvements were performed for the CFD models, especially for the latest ones,
considering in this way the SST k- turbulence model as the best approach, instead of
the initial k- (REALIZABLE).
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3.2 Project Planning
The project has been structured basically in eight phases:
Phase 1. Aims and methodology.
The first phase deals with the establishment of the objectives and the most
appropriate methodology for the project to be fulfilled both in time and objectives.
Several meetings both with the supervisor but also with the delegates of the sponsor
company were necessary. About four weeks were considered enough to complete this
phase.
Phase 2. Literature review.
This phase mainly covers a complete search of the state of the art regarding tidal
devices, such as published papers in some of the most important journals, relevant
conferences, recent patens, web sources, etc. Also a brief description of the background
theory regarding the energy extraction from tides and covering the most important
marine turbine strategies including the evolution of the concept was considered here.
This phase overlaps the previous one, so both activities were carried out at the same
time.
Phase 3. The porous media model.
After the literature review was partially completed, the building of the first
computational model was started. This was the so called “porous media model” because
the effect of the blades was simulated through porous discs as a first approach to the
problem, considering that two different diameters for the discs (9 and 10 m
respectively) as well as several rotational angles both for the nacelles and discs (0-30
degrees) were performed.
Phase 4. Analysis of partial results.
Once the first model was created, the results directly achieved with the porous
models were analysed in dept. It permitted the identification of the range of angular
mismatch that tides can induce on this particular configuration of marine device when
the three nacelles are yawed onto the above mentioned range of angular settings
3. PROJECT MANAGEMENT Investigation of Turbine Interactions in a Tidal Device.
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inducing a significant velocity drop to the incoming flow towards the downstream
turbines. For this, several cases were analysed, and results were watchfully presented
every 5 degrees of angular rotation for both nacelles and discs.
Phase 5. The frozen rotor model.
This second model was started fully overlapping the previous phase, where a
more realistic profile for the blades was implemented according to available data and
performed in a non-stationary way. The complexity of the meshing process must be
highlighted, particularly regarding the blades. Further improvements of the grid were
required in order to be able to capture the small scales of turbulence around these areas
through a deep mesh refinement according to high pressure gradients.
Phase 6. The rotating blades model.
Finally the more complex model was performed, overlapping partially the
previous phase, so the non-stationary detailed study of the rotating blades was taken
into account. A huge computational effort was required for the convergence to be
reached.
Phase 7. Validation of the models.
Through experimental data, based mainly on experimental velocity
measurements over a 1/30 scale model in a water tank, carried out by the Off-shore
Engineering and Naval Archicteture (OENA) Group of Cranfield University the
validation of the models was successfully carried out.
Phase 8. Conclusions.
With all of the information reached in this study, future recommendations were
provided considering that the main objective was the maximisation of the power
extractable by the whole device. In this work a characterization of the behaviour of the
flow over a particular marine device under different situations has been studied
highlighting the degree of angular mismatch that may occur between the turbines of this
device as the nacelles are yawed onto a range of angular settings.
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4 STATE OF THE ART
This chapter describes basically the fundamental background theory and also
highlights the most significant work done in this field, for the last few years,
considering various types of techniques which are currently used in industry to extract
power from the tides [19, 20]. It shows mainly the evolution of the horizontal axis
turbines, which have the bigger number of prototypes currently operating, such as the
one studied in this work.
A comprehensive review of the state of the art has been carried out in terms of
tidal turbines design and optimization. The author was invited by the editor of an
international journal, to write a review paper regarding recent patents in the field of tidal
turbines. This was finally published after the corresponding peer review process [21].
Finally, part of this work, corresponding to the results achieved with the porous
media models, were presented to an international conference in Barcelona (Spain) in
June 2009, regarding Numerical Methods in Engineering [22].
4.1 Background theory
The energy that can be extracted from the tides is due to movements of water in
the sea. On one hand the movement of the tides is flow and ebb, water is continuously
raised and lowered so this potential energy can be obtained. On the other hand the
energy extracted from the waves is due to movements of water near the surface of the
sea [22].
It must be pointed out that wind generated waves are formed by winds blowing
over the water surface, so the water particles adopt turbulent motion and the kinetic
energy can be obtained. The amount of this energy is determined by several aspects
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such as the speed and duration of the wind, the length of sea it blows over, the water
depth, sea bed conditions and also interactions with the tides [23].
The physics of the conversion of energy from tidal currents is superficially very
similar, in principle, to the conversion of kinetic energy from the wind through the use
of wind turbines. The environment that a tidal device operates in is substantially
different from that experienced by a wind turbine. “The higher density of water, 832
times the density of air, means that a single generator can provide significant power at
low tidal flow velocities (compared with wind speed). Given that power varies with the
density of medium and the cube of velocity, it is easy to see that water speeds of nearly
one-tenth of the speed of wind provide the same power for the same size of turbine
system” [24].
4.1.1 Tidal power extraction strategies
A large number of devices have been proposed for the extraction and conversion
of tidal energy to electricity. Nowadays three types of device suitable to capture tidal
stream energy can be highlighted [12]:
 Tidal stream turbines. These work on a similar principle to wind turbines
and indeed may have a quite similar external appearance. Both horizontal
and vertical axis machines are being under research programs, some with
ducting/cowling around the rotor. The turbine may be coupled directly to a
standard generator via a gearbox, or use an alternative power train design.
 Reciprocating tidal stream devices. These have hydrofoils which move back
and forth in a plane normal to the tidal stream, instead of rotating blades. A
particular design uses hydraulic pistons to feed a hydraulic circuit, which
turns a hydraulic motor and generator to finally produce power as can be
seen in Figure 4.1.
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Source: Engineering Business
Figure 4.1. The 150 kW reciprocating “Stingray” tidal generator.
 Venturi effect tidal stream devices. In these, the tidal flow is directed
through a duct, which concentrates the flow and produces a pressure
difference.
Tidal power can also be extracted from other configurations such as tidal
barrages and tidal lagoons as has been previously commented in the introduction section
although this is supported by another slightly different technology.
4.1.2 Evolution of the horizontal axis machines
These turbines are close in concept to traditional windmills but operate under the
sea and have the biggest number of prototypes currently operating. The evolution of
these machines along the last few years is presented next [25].
- “Kvalsund, south of Hammerfest, Norway, a turbine with a reported
capacity of 300 kW was connected to the grid on 13th of November 2003.
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- A 300 kW marine current turbine, Seaflow, was installed by Marine
Current Turbines off the coast of Lynmouth, Devon, England, in 2003.
The 11m diameter turbine generator was fitted to a steel pile which was
driven into the seabed. As a prototype, it was connected to a dump load,
not to the grid.
- Verdant Power has been running a prototype project in the East River
between Queens and Roosevelt Island in New York City since April 2007.
It was the first major tidal-power project in the United States.
- SeaGen, was installed by Marine Current Turbines in Strangford Lough in
Northern Ireland in April 2008 [26]. The turbine began to generate around
150 kW into the grid for the first time on the 17th of July 2008. The initial
set of blades suffered some damage and new reinforced blades were
installed in September 2008. Finally, the turbine began to generate at full
power, about 1.2 MW, in December 2008. It is currently the only
commercial scale device to have been installed anywhere in the world.
- OpenHydro”, an Irish company exploiting the Open-Centre Turbine
developed in the U.S., has a prototype being tested at the European Marine
Energy Centre (EMEC), in Orkney, Scotland [27, 28] as can be seen in
Figure 4.2.
Figure 4.2. OpenHydro’s turbine research facility at the EMEC in Orkney, Scotland.
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Table 4.1 shows a list with the most important US and European Tidal Energy
Developers, together with the technology used.
COMPANY TECHNOLOGY COUNTRY
Aquamarine Power Neptune UK
Edinburgh Designs Vertical-axis, variable pitch tidal turbine UK
Edinburgh University Polo UK
Greenheat Systems Ltd Gentec Venturi UK
Hydro Green Energy Hydrokinetic Turbine USA
Hydro-Gen Hydro-gen France
Hydrohelix Energies hydro-helix France
Hydroventuri Rochester Venturi UK
Kinetic Energy Systems Hydrokinetic Generator, KESC USA
Lunar Energy Rotech Tidal Turbine UK
Marine Current Turbines Seagen, Seaflow UK
Natural Currents Red Hawk USA
Neo-Aerodynamic Ltd Company Neo-Aerodynamic USA
Neptune Renewable Energy Ltd Proteus UK
Ocean Flow Energy Evopod UK
Ocean Renewable Power Company OCGen USA
Oceana Energy Company TIDES USA
OpenHydro Open Centre Turbine Ireland
Ponte di Archimede Kobold Turbine Italy
Pulse Generation Pulse Generators UK
Scotrenewables SRTT (Scotrenewables Tidal Turbine) UK
SMD Hydrovision TiDEL UK
Swanturbines Ltd. Swan Turbine UK
The Engineering Buisiness Stingray UK
Tidal Electric Tidal Lagoons UK/USA
Tidal Generation Limited Deep-gen UK
Tidal Hydraulic Generators Ltd Tidal Hydraulic Generators UK
TidalStream TidalStream UK
University of Southampton Southampton Integrated Tidal Generator UK
University of Strathclyde Contra-rotating marine current turbine UK
Verdant Power Various USA
Water Wall Turbine WWTurbine USA
Table 4.1. List of the most important US and European Tidal Energy Developers.
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4.1.3 Basic energy calculations
Different overall efficiencies can be achieved from these previously shown
strategies and therefore different power outputs can be obtained. The equation below
can be used to determine the power that can be extracted from one of these devices or
the so called power output [20]:
E Equation 4.1
where E is the power of the turbine, τ is the torque and Ω is the rotational speed. 
The maximum power available to a turbine (Emax), is the kinetic energy of the
fluid in a stream tube whose diameter, at the turbine disk plane, is equal to the diameter
of the turbine as can be seen in the equation below.
3
max 2
1
meanUAE   Equation 4.2
where  is the density, A is the area of the disk and Umean is the mean fluid
velocity. This allows the efficiency of the turbine, to be defined as a percentage as:
max
100
E
E
 Equation 4.3
A problem may arise when these devices are placed in close proximity. Then
additional interference can be caused over the closer devices in terms of pressure drop,
which means significant fluctuations of the efficiency.
Taking into account that these turbines are horizontal axis machines and are
fitted to nacelles that swivel as the tide flow reverses direction, such as to present the
rotor foremost to the incoming tidal flow, a range of angular positions of the nacelles
needs to be carefully examined with the tidal stream flowing in the two, outgoing and
incoming, tidal directions [29 - 31]. The analysis of these results will allow a qualitative
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identification of the range of angular mismatch induced and the subsequent effect on the
efficiency of the overall set of turbines.
4.2 Literature review
A summarized review including papers, posters and conferences recently
published (some of them have already been referenced in this work so the number of its
reference has also been included), are commented next, followed by a list of recent
patents, in order to highlight the most relevant advances reached nowadays in current
turbines design and optimization, in terms of power output and improving efficiency.
4.2.1 Papers
Nicholls-Lee, 2008, [10] suggested that an increase in performance can be
obtained by means of variable pitch blades and that other materials can be utilised in the
design of tidal turbine blades. Another relevant comment is that many tidal sites have
relatively bidirectional flow. However, some sites may have flow reversal of over 20
degrees from 180 degrees such as the flow around islands and headlands. This
assumption has been considered relevant in the work developed for this thesis.
Nicholls-Lee et al, 2008, [16] deals with the methods of simulation based
optimisation for marine current turbines. BEM and CFD codes together with Finite
Element analyses are referred in this manuscript. The significance of design, search and
optimisation with respect to complex fluid and structural modelling is also discussed.
Egarr et al, 2004, [20] modelled a tidal turbine using CFD which was validated
against experimental data. This is the first stage in the process of optimising a turbine to
extract energy from the tide. The redevelopment of the flow downstream from the
turbine has also been studied. This approach has been of a great importance for us. This
work clearly indicates the feasibility of the CFD study for tidal turbines design, in order
to maximize the extraction of energy from the tides.
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Germain et al, 2007, [28] provides useful information for the hydrodynamic
characterization of marine energy converter systems, their design and validation,
including the procedure for the characterisation of the wake of horizontal axis marine
current turbines which has been of a great interest together with the next contribution.
Bahaj et al, 2007, [30] presents a discussion on the characterisation of the wake
of horizontal axis marine current turbines. An experimental and theoretical investigation
of the flow field around small-scale mesh disc rotor simulators is presented and wake
characteristics of the rotor simulators were reported.
Karsten et al, 2008, [31], examined the tidal power available for electricity
generation from stream turbines placed in a particular location. This suggests that the
greatest tidal power will be possible in channels where the product of the flowrate
through the channel and the tidal amplitude at the entrance of the channel is large, so it
can be deduced that its application under the sea is completely suitable.
Nicholls-Lee, 2007, explained how through the use of fluid-structure
interactions modelled computationally using CFD, but also through practical testing in
towing tanks and open water, adaptive materials could be integrated into tidal turbine
blade design in order to increase its efficiency.
Whelan et al, 2007, presented some relevant theoretical results for the case of a
linear array of tidal stream turbines. These results were compared to open channel flow
experimental results as also performed by [32]. The flow field was experimentally
simulated using various resistance discs accordingly to [33, 34].
Vafai et al, 1981, [35], focused their study on the inertial forces on flow and heat
transfer in porous media. A numerical proposal for the governing equations has been
implemented here in order to investigate the velocity and temperature fields inside a
porous medium, and a new conception of the momentum boundary layer has also been
presented.
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4.2.2 Patents
A comprehensive review, regarding the state of the art has been carried out in
terms of tidal turbines design and optimization techniques. A summary list with the
most relevant US, WO and EP patents has been assembled and is shown, including a
brief description of each issue. The more relevant topics for the search were: “Tidal
streams, Marine Current Turbines, Reciprocating tides, Blade interferences, kinetic
energy from tides, single/double rotor Systems, etc…”. The next search engines have
been used:
- “http://www.uspto.gov”
- “http://ep.espacenet.com”
- “http://www.freepatentsonline.com”
- “http://www.google.com/patents”
- “http://patft.uspto.gov/netahtml/PTO/search-bool.html”
A list of the most relevant WO (international) patens have been summarised in
Table 4.2 [36-40] while Table 4.3 shows the same for EP (european) patents [41-45]
and finally, US patents summary list is showed next, also in chronological order in
Table 4.4 [46-54], including in all of them a brief description of the issue.
Technologies involved in tidal devices can be categorised into two main types:
tidal barrages and tidal current turbines. A brief summary of these technologies will be
shown next.
Tidal barrages make use of the potential energy of the tides. It is typically a
dam, built across a bay or estuary. Electricity generation from tidal barrages employs
the same principles as hydroelectric generation, except that tidal currents flow in both
directions. A typical tidal barrage consists of turbines, sluice gates, embankments and
shiplocks.
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Table 4.2. Summary of the most relevant international patents on tidal devices.
Table 4.3. Summary of the most relevant European patents on tidal devices.
Number Date Description
WO2003025385 2003 “This invention provides a bi-directional turbine with dual counter-
rotating rotor disks to create a stable, efficient turbine generator unit
minimizing swirl losses”.
WO2005078276 2005 “Presents a power buoy for a tidal turbine installation which is an
alternative to the conventional manner of generating power in river power
stations, particularly in all those surroundings requiring high lateral, tight
dams in addition to the barrage for damming up”.
WO2007125538 2007 “Presents the process for concentrating and directly converting wave and/
or tidal energy from a water body into electrical energy”.
WO2008045662 2008 “A system is adapted to extract energy from flowing liquid. It includes at
least one vertically-extending vane adapted to move in response to the
flowing liquid. The vane has a vertical length wherein at least a portion of
the vane can be positioned below a surface of a body of liquid such that
the vane forms a swept area defined at least partially by the vertical
portion of vertical lengths of the vane positioned below the surface”.
WO2009049269 2009 “Systems and methods for harnessing energy from ocean tides are
presented, which use the rise in water level to lift a buoyant mass to an
elevation and then use the weight of the mass to pressurize a working
fluid, such as water, used to motivate a turbine generator to finally
produce electricity”.
Number Date Description
EP1714027 2006 “A tidal power station is presented, in which a so-called submerged sail
is displaced by the tide between two magazines, whereby the sail is
displaced from a first magazine in the direction of a second magazine
when the tide flows in a first direction, the sail being displaced in the
opposite direction when the tide flows in a second direction”.
EP1816345 2007 “Submersible plant for producing energy. It comprises at least one
turbine and is characterized in that said turbine is mounted on a stream-
driven vehicle and in that said stream-driven vehicle is secured in a
structure by means of at least one wire”.
EP1984572 2008 “It presents an arrangement for mounting at least one tidal turbine and its
associated support structures in a river or sea bed, characterised by
mounting the turbine and associated support structures upon a
base/foundation structure”.
EP1878913 2008 “A hydroelectric turbine for the production of electricity from tidal flow
is presented. The turbine having a rotor with an open center such that the
blades are mounted between an inner rim and outer rim, wherein
retaining and anti-friction members are provided”.
EP2013474 2009 “It shows a system for converting the kinetic energy of flowing fluid into
electrical energy, through a system comprising a turbine having a low
speed energy electricity generator, a shaft in communication with the
generator, wherein a plurality of blades is fixable to said shaft”.
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Table 4.4. Summary of the most relevant US patents on tidal devices.
Type and
Number
Title Public.
date
Description
US Patent Ap/
20070284884
“Flow
Enhancement For
Underwater
Turbine”.
13/12/07 “An improved turbine generator including at
least one blade and a housing disposed about
said turbine, wherein the improvement
comprises a slot defined by an outer and an
inner surfaces, enhancing the flow
characteristics”.
US Patent Ap/
20080260548
“Wave energy
converter”.
23/10/08 “A stationary structure is mounted on the floor
of an ocean or other body of water subject to
wave motion. The structure provides a
floatation body that moves with the wave so is
able to drive a sealing plate”.
US Patent Ap/
7470086
“Submersible
tethered platform
for undersea
electrical power
generation”.
30/12/08 “A submersible platform system for carrying
out repeated operations in a submarine
position, and producing electrical energy”.
US Patent Ap/
20090015014
“Tidal stream
energy conversion
system”.
15/01/09 “The present invention is concerned with an
energy conversion system for converting tidal
energy into electrical energy by one or more
transducers forming part of the system”.
US Patent Ap/
20090015018
“Flow Stream
Momentum
Conversion Device
Power Rotor”.
15/01/09 “A device known as a FSMCD, Power Rotor is
presented here. The device makes use of the
principle of Conservation of Momentum to
convert fluid stream input momentum to
device rotational power”.
US Patent/
7479708
“Wave power
converter apparatus
employing
independently
staged capture of
surge energy”.
20/01/09 “A wave power converter employing
independently staged surge energy capture for
converting useful wave surge energy to electric
power over a relatively broad range of surf
conditions”.
US Patent Ap/
20090026767
“Modular system
for generating
electricity from
moving fluid”
29/01/09 “A modular system for producing electricity
from the channel, river, ocean or tidal water
currents and wind is disclosed. A converter
consists of a vertical axis underwater hydro-
turbine connected to the electrical generator”.
US Patent/
7489046
“Water turbine
system and method
of operation”.
10/02/09 “A system for providing electrical power from
a current turbine is provided in this work. The
system includes a floatation device and a set of
electrical devices”.
US Patent/
7493759
“Fluid motion
energy converter”.
24/02/09 “A converter for producing useable energy
from fluid motion of a fluid medium. The
converter is supported on the support structure
such that the movable element can move
relatively to the structure in response to the
fluid motion”.
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The turbines used in tidal barrages are either unidirectional or bi-directional.
Generating electricity using tidal barrages is mature and reliable [55]. Numerous tidal
sites worldwide are considered suitable for development. Tidal barrages can be broken
into two types:
 Single-basin systems, consist of one basin and require a barrage across
a bay or estuary. There are three methods of operation: ebb generation
(the turbine gates are kept closed until the tide has ebbed sufficiently to
develop a substantial hydrostatic head across the barrage), flood
generation (Once the sufficient hydrostatic head is achieved, the
turbine gates are opened allowing the water to flow through them into
the basin) and two-way generation (utilises both flood and ebb phases
of the tide).
 Double-basin systems. The difference with the previous system is that
a proportion of the electricity generated during the ebb phase is used to
pump water into the second basin, allowing an element of storage.
Tidal current turbines extract the kinetic energy in moving water to generate
electricity. Tidal current technology is similar to wind energy technology [56]. However
there are several differences in the operating conditions [57]. Since tidal current turbines
operate in water, they experience greater forces and moments than wind turbines. Tidal
current turbines must be able to generate during both flood and ebb tides and be able to
withstand the structural loads when not generating electricity. The following two
methods of tidal current energy extraction are the most common [58]:
 Horizontal axis tidal current turbines. The turbine blades rotate about
a horizontal axis which is parallel to the direction of the flow of water.
 Vertical axis tidal current turbines. The turbine blades rotate about a
vertical axis which is perpendicular to the direction of the flow of
water [59].
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5 DEFINING THE CFD MODEL
5.1 Geometry and computational mesh
5.1.1 The Porous Media Configuration
The first results presented, describe the analyses carried out with initial turbine
porous media diameters of 9 and 10m respectively, within a delta configuration. A
range of angular positions of the nacelles were examined with the tidal stream flowing
in the two, outgoing and incoming, tidal directions, as can be seen in Figure 5.1.
Figure 5.1. Geometry for “Direct” (left) and “Reverse” (right) configurations.
In the so called “Direct” configuration, the flow reaches first one side of the
equilateral triangle with the two identical turbines on it, while the third turbine is
situated right downstream. In the “Reverse” configuration, one of the vertices of the
above mentioned delta is first reached with one of the turbines on it, while the two other
turbines are placed right downstream.
According to this figure, the computational domain of the model was chosen to
be wide enough, such is: x = 120 m., y = 40 m. and z = 108 m. while the dimensions of
the Delta structure are: Equilateral triangle of L = 23 m. with the height of each column
of 13.75 m. and the diameters for the porous media simulating the blades, were
DIRECT REVERSE
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considered to be 9 and 10 m respectively in order study the effect of different clearances
between turbines. Other dimensions of the turbines can be seen in detail in figure 5.2.
Figure 5.2. Main dimensions (m) of the turbines for the porous model.
All the boundary zones of this model are defined according to Table 5.1.
Zone Type
Inlet Velocity
Outlet Pressure
Sea bed Wall
Sea surface Symmetry
Lateral walls Periodic
Structure Wall
Sea Fluid
Blades Porous
Table 5.1. Defining the domain of the porous model.
13.75
4
8.5
 1.778
2.75
 1.7
 1.473
 (9 and 10) 2
1
4
2.5
60 
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The grid is unstructured, containing about 2 million nodes. Figure 5.3 shows the
details of the two configurations previously defined, “Direct” (a) and “Reverse” (b),
both for 0 degrees (left) and 30 degrees (right) rotated discs/nacelles respectively.
a
b
Figure 5.3. Detail of the surface grid for the DIRECT configuration (a) and REVERSE
configuration (b); Both for 0 degrees (left) and 30 degrees rotated nacelles (right).
5.1.2 The Discrete Blades Configuration
Figure 5.4 shows a detailed view of the geometry and surface mesh
corresponding to the complete structure including the three 5 m length blades. The
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whole grid is unstructured, containing about 5 million nodes where nacelles can be
rotated independently in a range of 0-30 degrees.
Figure 5.4. The complete tidal device geometry (left) and surface mesh (right).
The geometry of the blade was provided by the Company under a confidentiality
agreement. In Figure 5.5, from left to right, the geometry of the blade used in this work
can be seen, where the profiles corresponding to different sections (hub, middle and tip
respectively) are depicted, showing finally the implementation in the rotor disk.
Figure 5.5. Detail of the30
blade geometry and further implementation in the rotor disk.
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Figure 5.6 shows a detail of the mesh over a vertical plane for both frozen rotor
and transient model (b), comparing to a mesh that could be used for a steady model (a).
The difference between those two configurations is rather significant.
a b
Figure 5.6. Detail of a mesh suitable for a steady model (a) and for the unsteady models, Frozen and
Transient developped in this work (b).
All the boundary zones of this model are defined through different types of cells
according to Table 5.2.
Zone Type
Inlet Velocity
Outlet Pressure
Sea bed Wall
Sea surface Symmetry
Lateral walls Periodic
Structure Wall
Sea Fluid
Blades Wall
Table 5.2. Defining the domain of the complete model.
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The use of symmetry cells for the sea surface for both cases has been taken into
account because the component of velocity normal to the symmetry boundary plane is
set to zero which is the most apropiate condition here.
5.1.3 Justification of the density of the grids; sensitivity analysis
Turbulent flows are significantly affected by the presence of walls. The size of
the mesh can be determined by the treatment of the turbulence in the near- wall region,
in other words whether the Navier-Stokes equations need to be solved or not. For the
characteristics of owr problem (high Reynolds number, low viscosity, low pressure
gradient in the near- wall region) it is not necessary to solve the whole set of equations
so near wall functions can be used instead, reducing the size of the mesh without
affecting the accuracy of the solution.
Numerous experiments have shown that the near-wall region can be largely
subdivided into three layers. In the innermost layer, called the “viscous sublayer”, the
flow is almost laminar, and the (molecular) viscosity plays a dominant role in
momentum and heat or mass transfer. In the outer layer, called the fully-turbulent layer,
turbulence plays a major role. Finally, there is an interim region between the viscous
sublayer and the fully turbulent layer where the effects of molecular viscosity and
turbulence are equally important.
Anyway, the size of the adjacent near- wall cell yp is determined depending on
the choice of turbulent model used and is defined by the dimensionless term py . This
parameter can be calculated according to:
tpptpp uyyuyy 
  Equation 5.1
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where yp is the distance of the centroid corresponding to the first near-wall node,
per unit length,  is the kinematic viscosity that will be defined later and ut represents
the friction velocity that can be defined as:
2/cUu f
_
meanwt   , Equation 5.2
where the friction coefficient is defined by:
2.0
f
_
(Re)037.02/c  Equation 5.3
Next Table shows the values finally adopted:
Parameter Value
Re 11.41 e6
cf /2 1.43 e-3
ut 0.189 m s-1
 1.75 e-6 m2 s-1
Table 5.3. Main parameters for the definition of the mesh.
So finally according to equation 5.1,
189.0e75.1yy 6pp
  Equation 5.4
In our study, the Standard Wall Function (SWF) is used so the centroid of the
adjacent cell must be in the range of: 30030  py . So according equation 5.4, the
distance of the centroid yp corresponding to the first near-wall node will be in the range
of: 0.277 mm y 2.77 mm. Obviously, the smaller value the higher number of cells
associated (computational cost). So it is a matter of balance between accuracy and
computational cost.
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After several values for the first near-wall centroid were tested under this above
mentioned range for the centroid, a value of 0.6mm was finally adopted, with a growing
up factor of 1.2. This criterion means a final mesh size of about 2 millions nodes for the
porous media model and 5 millions nodes for the transient model. Further performance
of a sensitivity analysis showed irrelevant changes in the results achieved with higher
number of nodes, so these values for the grid size were finally considered good enough.
5.2 Boundary conditions
The discretization used the second order upwind scheme with the exception of
the pressure terms where a body-force weighted approach was implemented. The
coupling of the pressure-velocity equations used the SIMPLE algorithm [60-62].
5.2.1 The Porous Model
The different physical aspects of flow in porous media will be described in this
section. A “porous medium” or a “porous material” is a solid permeated by an
interconnected network of pores filled with a fluid (liquid or gas) [25]. The study of
fluid flow through porous media is increasing for the last years because the advantages
of both computational time and accuracy that this simplification assumes.
There are two relevant properties defining a porous medium, such are: the
porosity ( ) and the permeability (K). On one hand, the porosity of a porous medium
can be defined as [63, 64]:
volumeMatrix
volumePore
 Equation 5.5
Where the numerator of this equation denotes the total volume of the free space
in the matrix and the denominator is the total volume of the matrix including the space
occupied by the pores.
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On the other hand, the permeability describes the capacity of the fluid to go
through the porous medium. There are numerous relationships between these two
concepts. It is of common use that K is found to be proportional to m when the value
of m depends on the geometry of the medium itself [65].
Another important topic is the “dynamic viscosity”. This term indicates the
resistance in the fluid due to shear but also angular deformations [32]. Another
expression for the viscosity is the “kinematic viscosity” (υ), defined as:

  Equation 5.6
Where μ and  are respectively the dynamic viscosity and the density of the fluid
(sea water). The viscosity of incompressible Newtonian fluids such as water can be
assumed to be isotropic, so they are characterized by a constant viscosity coefficient.
Then the flow rate of the fluid trough this medium is given by Darcy's equation [62, 67]
for the main flow direction:
 gPKU 

 Equation 5.7
Where, U represnts the mean velocity of the fluid while g is the acceleration due
to gravitational forces.
In essence, the porous media model is nothing more than an added momentum
sink in the governing momentum equations. As such, the following modelling
limitations should be readily recognized:
- The fluid does not accelerate as it moves through the medium, since
the volume blockage which is present physically is not represented in
the model. This may have a significant impact in transient flows since
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it implies that the transit time for flow through the medium is not
correctly represented.
- The effect of the porous medium on the turbulence field is only
approximated.
The theoretical pressure drop per unit length was predicted using the following
relation [62, 67]:
2
22
11
meanmean UCUK
p   Equation 5.8
where the values finally adopted for the most important coefficients in this
study, can be seen summarised next in Table 5.4.
Item Name Value
p Pressure drop per unit length 2,000 Pa m-1
1/K Viscous resistance 1 1010 m-2
 Water viscosity at 25 ºC 1.08 10-3 Pa s
 Seawater density at 25 ºC 1,025 kg m-3
C2 Inertial resistance factor 100 m-1
Table 5.4. Values adopted for the porous media model.
When dealing with a simple homogeneous porous media, the source term is
composed of two parts, a viscous loss term (Darcy), and an inertial loss term as can be
seen in the next equation [68] for the case of a sinple homogeneous porous media.
iiii vvCvS  


2
1
2 Equation 5.9
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where, Si is the source term and vi the velocity for the i th (x, y, or z) momentum
equation. This momentum sink contributes to the pressure gradient in the porous cell,
creating a pressure drop that is proportional to the fluid velocity (or velocity squared) in
the cell [69].
FLUENT® will, by default, solve the standard conservation equations for
turbulence quantities in the porous medium. In this default approach, therefore,
turbulence in the medium is treated as though the solid medium has no effect on the
turbulence generation or dissipation rates [69]. Turbulent flows are characterized by
fluctuating velocity fields. These fluctuations mix transported quantities such as
momentum, energy, and species concentration, and cause the transported quantities to
fluctuate as well. Since these fluctuations can be of small scale and high frequency, they
are too computationally expensive to simulate directly in practical engineering
calculations. Instead, the instantaneous (exact) governing equations can be time-
averaged, ensemble-averaged, or otherwise manipulated to remove the resolution of
small scales, resulting in a modified set of equations that are computationally less
expensive to solve. However, the modified equations contain additional unknown
variables, so turbulence models are needed to determine these variables in terms of
known quantities.
When using one of the k- turbulence models or the Spalart-Almaras model, the
effect of turbulence in a porous region can be suppressed by setting the turbulent
contribution to viscosity, t, equal to zero [62]. Then the inlet turbulence quantities will
be transported through the medium, but their effect on the fluid mixing and momentum
will be ignored. The selection of a turbulence model depends on considerations such as
the physics of the flow, the well-known experience for a specific case, the accuracy
required, the available computational resources, and of course the time available for the
simulation. Next an introduction to the turbulence models chosen for this work is given.
5.2.2 The k- Model (REALIZABLE)
The governing Reynolds-averaged equations for continuity and momentum
conservation were used. The Realizable k-ε model was used to close the governing
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equations, which is a semi-empirical model based on the model transport equations for
the turbulent kinetic energy (k) and dissipation rate (ε). The model transport equation
for k is derived from the exact equation, while the transport equation for ε is obtained
using physical reasoning and bears little resemblance to its mathematically exact
counterpart.
In the derivation of the k-ε model, it was assumed that the flow is fully turbulent.
The realizable k-ε models provide better results than the standard k-ε model, thanks to
their modifications for adverse pressure gradient flows.
The word “Realizable” actually implies that the model satisfies specific
constraints on the Reynold's stresses that make the model more consistent with the
physics of turbulent flows and hence more accurate than the standard k- ε model.
This model makes the eddy-viscosity coefficient, Cν, dependent on the mean
flow and turbulence parameters. The notion of variable Cν has been suggested by many
authors and is well substantiated by experimental evidence [62, 64]. For example, Cν is 
found to be around 0.09 in the defect layer of an equilibrium boundary layer, but only
0.05 in a strong shear flow. Note that in the realizable model, Cν can be shown to 
recover this standard value of 0.09 for simple equilibrium flows [65-68]. Transport
equations for k and ε respectively are as follows:
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And the constants used in the present work for this model [69] can be seen in
Table 5.5:
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Item Value
k 1
cυ 0.09
t 1.3
Cg1 1.44
Cg2 1.92
Table 5.5. Constants of the transport equations for the k- (REALIZABLE).
5.2.3 The SST k- Model
The turbulence model finally chosen for the unsteady models was the SST k-ω. 
The use of a k-ω formulation in the inner parts of the boundary layer makes the model 
directly usable all the way down to the wall through the viscous sub-layer, hence the
SST k-ω model can be used as a Low-Re turbulence model without any extra damping 
functions [70-72]. The SST formulation avoids the common k-ω problem that the model 
is too sensitive to the inlet free-stream turbulence properties. It is characterised for its
good behaviour in adverse pressure gradients and separating flow.
This model does produce a bit too large turbulence levels in regions with large
normal strain, like stagnation regions and regions with strong acceleration. This
tendency is much less pronounced than with a normal k-ε model [73-76]. Transport 
equations for k and ω respectively are as follows: 
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And the constants used in the present work for this model [69] can be seen in
Table 5.6:
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Item Value
k 0.85
 0.856
* 9/100
 0.44
Table 5.6. Constants of the transport equations for the SST k- turbulence model
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6 RESULTS AND DISCUSSION
To gain an understanding of how different factors impact on the far wake flow
field, data has been visualised on both, velocity fields and total pressure plots.
6.1 The porous model
On one hand, two cases have been studied regarding the diameter of the rotor
disc such as 9 and 10 meters respectively (in both configurations direct and reverse), in
order to compare the effects that the size of the rotors has on the flow interference. On
the other hand a range of rotational degrees from 0º to 30º for the nacelle’s yaw has
been also taken into account in order to compare the effects that the relative rotation
angle of the rotors has also on the flow interference.
Figure 6.1 shows the velocity field over a symmetry vertical plane for the direct
configuration (left) and reverse configuration (right) for a 0 degrees rotation of the
nacelles. The effect over the downstream turbine is not negligible.
Figure 6.1. Comparative velocity field over a vertical symmetry plane (0 degrees).
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6.1.1 The 9 m. diameter rotor disc
Figures 6.2 and 6.3 show a comparative velocity / total pressure field for
different rotation degrees (0, 15 and 30 degrees respectively) for both the DIRECT and
REVERSE configurations respectively, corresponding to the 9 m. diameter rotor disc.
Figure 6.2. Velocity field over a plane of y = 13.75 m for different rotation degrees (left) and
the corresponding total pressure plots over a plane of x = 30 m (right) for the DIRECT 9 m
configuration
0 º
15º
30º
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Figure 6.3. Velocity field over a plane of y = 13.75 m for different rotation degrees (left) and
the corresponding total pressure plots over a plane of x = 30 m (right) for the REVERSE 9 m
configuration.
0 º
15º
30º
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6.1.2 The 10 m. diameter rotor disc
Figures 6.4 and 6.5 show a comparative velocity / total pressure field for
different rotation degrees (0, 15 and 30 degrees respectively) for both the DIRECT and
REVERSE configurations respectively, corresponding to the 10 m. diameter rotor disc.
Figure 6.4. Velocity field over a plane of y = 13.75 m for different rotation degrees (left) and
the corresponding total pressure plots over a plane of x = 30 m (right) for the DIRECT 10 m
configuration.
0 º
15º
30º
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Figure 6.5. Velocity field over a plane of y = 13.75 m for different rotation degrees (left) and
the corresponding total pressure plots over a plane of x = 30 m (right) for the REVERSE 10 m
configuration.
0 º
15º
30º
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6.1.3 Discussion of the results
Figures 6.2 to 6.5 show the degree of interference that may occur between the
turbines of this marine device as the nacelles are yawed onto a range of angular settings
(0-30 degrees) with the tidal stream flowing in the two, outgoing and incoming
directions. Only intermediate positions (0-15 and 30 degrees) have been shown. Total
pressure plots of the wake present an unusual increasing of the total pressure in the area
surrounding the wakes. This is probably due to a combination of the turbulent shear
layer and the bounding free surface forcing a greater proportion of flow over the disc.
Where turbines are in line with each other, then the development of the flow
downstream from a turbine is of interest. This information will be used for the optimum
positioning of the other turbines. Figure 6.6 shows the velocity magnitude of the fluid
along the turbine axis upstream and downstream the turbine, as a percentage of the free
stream velocity (%). The turbine is positioned as a reference at the 0 datum. As can be
seen in this figure, upstream the turbine, as the fluid approaches the turbine from left to
right, the velocity drops. Immediately behind the hub of the turbine a large recirculation
zone can be observed, which forces the velocity magnitude to a substantial increase.
Downstream the turbine the fluid gradually tries to recover [20].
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Figure 6.6. Development of the flow downstream the turbine for the 9 and 10 m configurations.
6. RESULTS AND DISCUSSION Investigation of Turbine Interactions in a Tidal Device.
47
According to this figure, the fluid reaches 80% of the free stream velocity at
approximately 4.8 turbine diameters downstream of the 9 m rotor disc turbine
configuration (approximately 43 m.) and approximately 9.2 turbine diameters
downstream of the 10 m rotor disc turbine (approximately 92 m.). A 90% recovery is
achieved however after the 80 m. downstream of the 9 m rotor disc turbine
configuration, being out of range for the 10 m rotor disc configuration.
From the same figure, can be deduced that when the turbines are of alignment in
the Delta structure (23 m length), only a 69 % velocity recovery would be achieved
according to the 9 m rotor disc turbine (blue dashed line) whereas only a 58 % velocity
recovery would be achieved for the 10 m rotor disc turbine (red dashed line). This
allows us to estimate the decreasing of the efficiency of the turbine directly affected in
the same amount.
Figure 6.7 shows the increase of the area ratio with the yaw angle of the nacelle,
for a range from 0-30 degrees for both configurations, such as 9 m and 10 m
respectively. This ratio can be defined as the rotor disc area directly affected for the
wake of an upstream turbine placed at a distance of 23 m (delta configuration) divided
by the total rotor disc area. As can be seen in this figure, the area directly affected by the
upstream wake shows a fast increase for the 10 m configuration with respect to the
increase for the 9 m configuration. For both profiles the 100 % of the area directly
affected is reached for a yaw angle of 30 degrees.
Figure 6.8 shows the percentage of decrease of the pressure ratio, as a function
of the yaw angle in a range from 0-30 degrees for both configurations, such as 9 m and
10 m respectively. This ratio can be defined as the pressure due to the wake of an
upstream turbine (corresponding to the delta configuration) divided by the mean
operating pressure.
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Figure 6.7. Area ratio (%) as a function of the yaw angle (degrees) for both configurations.
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Figure 6.8. Pressure ratio (%) as a function of the yaw angle (degrees) for both configurations.
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6.2 The discrete blades model
The following results obtained with models which contain discrete blade
representations will be shown. These models comprise the “frozen rotor” and the
“transient”.
6.2.1 The frozen rotor
In figure 6.9, absolute velocity vectors for the DIRECT configuration are
depicted in a horizontal plane so the main recirculation area for each turbine is just
shown downstream each blade although another recirculation zone is obviously
registered right behind each nacelle.
Figure 6.9. Vectors of velocity over a horizontal plane for 0 rotation degrees (frozen rotor).
Figure 6.10 shows a comparative test of velocity contours in a horizontal plane
corresponding to the nacelles height and its respective total pressure plots in the plane
of about 30 m downstream the inlet (white dashed line) for different rotation degrees (0,
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15 and 30 degrees respectively) for the DIRECT configuration, corresponding to the
frozen rotor model.
Figure 6.10. Velocity field over a plane of y = 13.75 m for different rotation degrees (left)
and the corresponding total pressure plots over a plane of x = 30 m (right) for the frozen
rotor, DIRECT configuration.
0 º
15º
30º
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These velocity contours show acceptable agreement with the ones shown in
figures 6.2 and 6.4 respectively, corresponding to the DIRECT configuration for both, 9
and 10 m rotor disc porous models.
6.2.2 The transient model
Figure 6.11 shows a velocity field over a vertical front plane, situated
immediately downstream of the plane of turbine blades, so the rotational effect induced
to the flow can be clearly assesed here as blades have been imposed a rotational speed
of 15 rpm, according to available data [20]. The timestep is: 5e-3 s and the total time
considered was 30 s.
Figure 6.11. Velocity field over a front plane for 0 rotation degrees (transient model).
Figure 6.12 shows the wake caused on the flow according to the transient model
for the DIRECT configuration for various degrees of rotation of the nacelles and the
respective total pressure plots in the same plane of reference (white dashed line). From
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these figures the discrepancy can be directly observed, in terms of wake shape, when
comparing with the results offered in figure 6.10 corresponding to the “frozen rotor”
scheme.
Figure 6.12. Velocity field over a plane of y = 13.75 m for three rotation settings (left) and
the corresponding total pressure plots over a plane of X = 30 m (right) for the transient,
DIRECT configuration.
0º
15º
30º
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Figure 6.13 shows the wake caused on the flow according to the “rotating
blades” model for the REVERSE configuration, in this case only the 0 degrees of
rotation for the nacelles and the respective total pressure plot in the plane of reference
(white dashed line) has been depicted as the paterns for the other degrees are rather
repetitive.
Figure 6.13. Velocity field over a plane of y = 13.75 m for different rotation degrees (left)
and the corresponding total pressure plots over a plane of X = 30 m (right) for the
transient, REVERSE configuration.
The most relevant differences reached with this configuration of rotating blades
when compared with the frozen rotor scheme, must be pointed out. First of all there are
slightly differences in the shape of the wake as have been previously commented. Thus,
when comparing figure 6.10 (frozen rotor simulations) and figure 6.12 (transient
simulations), both of them for the DIRECT configuration, a longer wake has been
identified with the first one. Apart from this, the pressure plots are also rather different
not in average values but in the shape itself, showing a more smoothed shape with the
last model, indicating that a more gradual variation of the total pressure along this plane
of reference occurs.
Figure 6.14 shows this variation in velocity in a vertical plane (symmetry plane)
for two different positions of the nacelles (0 and 30 yaw degrees respectively) for the
DIRECT configuration. The effect over the downstream turbine is more than evident,
0º
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especially when the nacelles are rotated according to the above mentioned figure,
showing the maximum interaction for a yaw angle of 30 degrees for the nacelles.
a
b
Figure 6.14. Comparative effect of the yaw angle over the flow in a symmetry plane for 0
degrees (a) and 30 degrees (b) for the transient, DIRECT configuration.
Figure 6.15, shows the effect of both flow velocity and yaw angle of the nacelles
on the wakes created through the delta arrangement for the rotating blades configuration
(DIRECT). All the pictures show surfaces of constant velocity in a range between 3.0
and 3.6 m/s while for the rotation of the nacelles only the extreme values such as 0 and
30 degrees are depicted in order to visualize in deep the wakes, especially on the
downstream turbine. When considering high values for both velocity and yaw angles,
the downstream flow is seriously affected.
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3.0 m/s 0 degrees 3.0 m/s 30 degrees
3.2 m/s 0 degrees 3.2 m/s 30 degrees
3.4 m/s 0 degrees 3.4 m/s 30 degrees
3.6 m/s 0 degrees 3.6 m/s 30 degrees
Figure 6.15. Combined effect of velocity and yaw angle over the flow for the transient, DIRECT
configuration.
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Figure 6.16 shows the variation in velocity in the vertical plane of symmetry
(up) and in a horizontal plane (down) for 0 degrees angles of the nacelles for the
REVERSE configuration. The effect over the downstream turbines is not as evident as it
was with the DIRECT configuration.
a
b
Figure 6.16. Turbine interactions in a symmetry plane (a) and in a horizontal plane (b) for the
transient, REVERSE configuration.
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Figure 6.17, shows the effect of both the velocity on the wakes created through
the delta arrangement for the rotating blades configuration (REVERSE). All the pictures
show surfaces of constant velocity in a range between 3.0 and 3.6 m/s in order to
visualize in deep the wakes, especially on the downstream turbines.
6.2.3 Discussion of the results
With reference to the partially unsteady model, “Frozen rotor”, but also to the
fully unsteady “transient model”, SST-kω turbulence model has been considered as the
best approach. A huge computational effort was needed for the last model, and a severe
3.0 m/s 3.2 m/s
3.4 m/s 3.6 m/s
Figure 6.17. Effect of velocity over the flow for the 0 degrees transient, REVERSE configuration.
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grid refinement was performed manually in specific areas of the interaction between
fluid and blades, more precisely in areas closer to the tip of the blades, as was
previously shown in figure 5.5 (b).
Figures 6.10 and 6.12 showed the degree of interference that may occur between
the turbines of this marine device as the nacelles are yawed onto a range of angular
settings (0-30 degrees) with the tidal stream flowing in the two, outgoing and incoming
directions. Only intermediate positions (0-15 and 30 degrees respectively) were shown.
Pressure plots of the wake also present an unusual increase of the total pressure in the
area surrounding the wakes. This is probably due to a combination of the turbulent shear
layer and the bounding free surface that forces a greater proportion of flow over the
blades.
Where turbines are in line with each other, as can be seen in figure 6.18, the
development of the flow downstream of a turbine is of a real concern as this information
would lead for the optimum settlement of the downstream turbines.
Figure 6.18. Development of the flow when two turbines are aligned.
Figure 6.19 shows the velocity magnitude of the fluid along the turbine axis
upstream and downstream the turbine, as a percentage of the free stream velocity (%).
The turbine is positioned as a reference at 0 m. Upstream of the turbine, as the fluid
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approaches the turbine from left to right, there is a significant velocity drop.
Downstream the turbine the fluid gradually would recover the original value [20].
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Figure 6.19. Development of the flow downstream the turbine for the frozen rotor and transient
schemes.
According to this figure, the fluid reaches 80% of the free stream velocity at
approximately 4 turbine diameters downstream of the frozen rotor configuration
(approximately 48 m.) and approximately 3.8 turbine diameters downstream of the
rotating blades configuration (approximately 45.6 m.). A 90% recovery is achieved
however after the 86.4 m. downstream of the frozen rotor configuration and about 78 m
for the transient configuration.
From the same figure, it can be deduced that when the turbines are of alignment
in the Delta structure (23 m length), only a 66 % velocity recovery would be achieved
according to the frozen rotor (brown dashed line of figure 6.19) whereas a 68 % velocity
recovery would be achieved according to the transient (green dashed line of figure
6.19). This allows us to estimate the decrease of the efficiency of the turbine directly
affected according to equations 4.2 and 4.3 as will be seen later.
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Figure 6.20 shows the percentage of decrease in total pressure ratio, as a
function of the yaw angle in a range from 0-30 degrees for all the configurations
studied; such are the two porous media (9 and 10 m) and the other two unsteady models
respectively. This ratio can be defined as the value of the pressure directly affected by
the wake created for an upstream turbine over a downstream one of the Delta structure,
divided by the mean operating pressure. For this case, longer values for this ratio have
been reached for the two cases corresponding to the discrete blades models as
apparently these models offer a notably lower resistance to the flow even for bigger yaw
angles of the nacelles.
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Figure 6.20. Pressure ratio (%) as a function of the yaw angle (degrees) for all the schemes.
Figure 6.21 shows the progress of the efficiency for all the models studied
according to the yaw angle of the nacelles in a range from 0 to 30 degrees for the
DIRECT configuration while figure 6.22 shows the same but for the REVERSE
configuration. It can be observed that there is a slightly longer decrease of the efficiency
in the DIRECT model, apparently because two front turbines are directly disturbing the
flow over the downstream one while in the REVERSE configuration only one turbine is
interacting with the flow of the downstream one.
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Figure 6.21. Efficiency (%) as a function of the yaw angle (degrees) for all the models (DIRECT).
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Figure 6.22. Efficiency (%) as a function of the yaw angle (degrees) for all the models (REVERSE).
6. RESULTS AND DISCUSSION Investigation of Turbine Interactions in a Tidal Device.
62
7. VALIDATION OF THE MODELS Investigation of Turbine Interactions in a Tidal Device.
63
7 VALIDATION OF THE MODELS
It is a strongly recommended practice to compare CFD results to other data
sources in order to be able to validate properly the CFD model. These data can be
obtained both in experimental or numerical ways, but also can be achieved through a
literature review.
7.1 Experimental validation.
The validation of the transient CFD models has been realized through
experimental velocity measurements over a 1/30 scale model in a water tank, carried out
by the Off-shore Engineering and Naval Archicteture (OENA) Group of Cranfield
University. Figure 7.1 shows the scale model used for both configurations.
a b
Figure 7.1. Experimental scale model tested for both configurations DIRECT (a) and
REVERSE (b).
Values for the velocity have been measured mainly downstream of the Delta
configuration in vertical planes at a several normalised distances, according to figure 7.2
for validation purposes.
0 º
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Figure 7.2. Assignment of the measurement planes for validation purpose.
In order to compare the results of the experimental model and the CFD, a non-
dimensional study of the velocity can be seen in figure 7.3 where a comparative test
showing the profiles of velocity at different vertical planes (mainly at 3D and 4D
downstream respectively), as defined in last figure, was carried out. This figure shows
the percentage of recovering velocity over the mean flow velocity. Dimensions are
given once again in terms of disc diameters.
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Figure 7.3. Non-dimensional velocity profiles at 3D plane (a) and at 4D plane (b) for
experimental test and CFD simulations.
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The mean (averaged) flow velocity for the experimental model was 0.6 m/s and
for the CFD model 3.8 m/s, so velocity was also normalised. Results showed a good
agreement between experimental data and CFD simulations.
Another way of validation for the transient CFD model is through a calculation
from the experimental results by using MATLAB, also carried out by the OENA Group.
This subroutine makes use of the experimental database provided, so related functions
such are turbulent kinetic energy (TKE) or velocity fields can be depicted in the area
surrounding the turbines. In figure 7.4, TKE contours through MATLAB (a)
corresponding to the experimental model and the same from FLUENT® (b)
corresponding to the CFD model, over a horizontal plane are depicted. Although they
are not averaged, the main differences in value are of about 9 %.
a
b
Figure 7.4. Turbulent Kinetic Energy contours (m2s2) through MATLAB (a) and
CFD (b) over the horizontal plane of the nacelles.
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7.2 Validation with the data from the literature.
Finally, according the results from Egarr et al (2004) [20] who plotted velocity
magnitude of the fluid along a turbine axis both upstream and downstream, the gradual
recovery of the velocity can be estimated. This is illustrated in Figure 7.5 together with
the CFD results for the different models.
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Figure 7.5. Validation of the CFD models through literature review.
It could be concluded, according to this figure that CFD models, especially the
discrete blades models, are showing good agreement with the experimental results
obtained from the literature. The best approach seems to be the transient model as it
shows the closest results. On the contrary, the 10m porous media model offers the worst
outputs as a longer resistance to the flow was achieved because the area occupied for
the porous media itself is longer, considering the same resistance coefficient given for
the two porous models.
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8 CONCLUSIONS
The next conclusions derived from the work developed here can be summarised:
- CFD is a powerful tool which can provide precious information regarding
the performance of such devices. This work presents the characterisation
of the wake of a delta configuration for three horizontal axis marine
current turbines through the use of this advanced computing facility.
Understanding the lack of information about consequences of the
interaction between these devices and the water flow, the study of the
wakes has revealed as a significant concern in terms of improving the
performance of the whole device.
- Wake characterisation around a single device was followed by the study of
interaction effects between multiple turbines. It has been broadly probed
that an increase in turbine yaw angle causes a considerable decrease of the
power output [16]. The analysis of these results allowed a qualitative
identification of the range of angular mismatch induced and the
subsequent effect on the efficiency of the overall set of turbines. Several
models have been taken into account in this work so the detailed
conclusions achieved must be settled separately for each of them. The first
of all is a porous media scheme which has been characterised, and
modelled through different disc diameters, followed by a discrete blades
representation which included as a first approach a frozen rotor model
followed by a transient model.
- Regarding the porous media model, a turbulent model considering wall
functions has been addressed in order to account for the flow through a
porous medium. A faithful description of the structure has been modelled
but porous discs have successfully been used to simulate the blades area,
allowing investigation of the flow behaviour through them according to
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the governing parameters selected. The coupled equations are successively
solved using the SIMPLE algorithm. As expected, the porous insert
successfully dampens the flow, greatly shrinking the recirculation zone.
The effects are remarkable, either upstream or downstream. When the flow
is fully turbulent, however, the amount of resistance to the flow offered by
the porous region is obviously dependent on its width.
- There are several positions in which the interference due to front turbines
could cause an excessive pressure drop to the downstream ones, depending
on the configuration chosen, with the subsequent negative effect on its
performance efficiency as has been demonstrated in figures 6.20 to 6.22.
Special attention must be pointed out when considering alignment between
turbines, which is the case of a yaw angle of 30 degrees for the nacelles, as
can be seen in figure 6.18
- Apparently, figures 6.2 to 6.5, present an unusual increase in total pressure
in the area surrounding the wakes as can be seen in the total pressure plots.
This is probably due to a combination of the turbulent shear layer and the
bounding free surface forcing a greater proportion of flow over the discs.
Anyway this effect has been significantly decreased through the discrete
blades models.
- With reference to the partially unsteady model (Frozen rotor), SST k-
turbulence model has been considered as the best approach and
preliminary results shows a good agreement with the porous media model
both in average values but also in terms of wake profiles.
- Finally, regarding the full unsteady (transient), the main conclusion is that
after a huge computational effort was needed, results show really good
agreement with the experimental measurements carried out as can be
deduced from figure 7.3.
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- It can be concluded that CFD models presented can be considered
validated through these experimental measurements carried out under the
scope of this project. These experimental results were compared with the
previous ones and validated through the data directly supplied through the
experimental prototype but also through MATLAB calculations and
finally through the literature review, as has been showed in figure 7.5.
- Finally, this thesis has successfully reviewed current state of the art
regarding tidal extraction devices, focusing in horizontal axis machines so
the author fulfilled the aim of this project, dealing with the flow behaviour
through this particular configuration of marine device in order to evaluate
the degree of angular mismatch that may occur between the three turbines
of this device as the nacelles are yawed onto a range of angular settings.
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9 FUTURE TASKS
Future work would be focused mainly on the improvement of the transient
model, as this model has been demonstrated to be the best approach to the real scenario.
Besides, the improvement of the previous models in order to enhance the
information related to the flow behaviour under different flow conditions would also be
of interest. Thus, feasible future commitments to be made have been summarised in
Table 9.1.
Model Description of the task
POROUS MEDIA
- Improving boundary conditions for specific tidal devices.  ufP  .
- Considering different areas inside the discs with different boundary conditions.
TRANSIENT
- Continuing grid adaptation (refinement) surrounding the blades region.
- Interactions with the flow (wakes) for different flow conditions.
- Study of the wake effect on other neighbour delta configurations.
Table 9.1. Description of the future tasks for the porous media and transient models.
Due to the special character of the subject, which will lead indeed to innovative
salient facts in the future, as has been clearly demonstrated through the literature, a
further study would be focused mainly to improve results through other mesh adaptation
processes (using velocity and/or pressure criteria) for all the models, specially for the
last ones.
Other additional effort could be to extrapolate the methodology carried out here
in order to analyze the interferences that may occur from one of these delta structures to
other identical neighbour extraction devices in order to optimize the space in the sea bed
among these tidal devices when thinking of settling a farm.
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